Abstract--Intercalation compounds of styrene and quaternary ammonium montmorillonite were prepared by immersion of the clay in styrene monomer. The intercalation of stearyltrimethylammonium (CHa(CH~)lTN(CHs)a+)-montmorillonite and styrene showed an expansion of the basal spacing to a constant value of ~32 ,~ after immersion for 10 days. After polymerization, the amount of polystyrene in the interlayer region was determined by thermal gravimetric analysis. Styrene adsorption initially increased with increasing quaternary ammonium cation and then became approximately constant when loading of the quaternary ammonium cation exceeded 100 meq/100 g clay. The volume resistivity of the stearyltrimethylammonium-montmorilionite-polystyrene complex, which was determined with a high resistance meter, was greater than that of both the quaternary ammonium-montmorillonite and the montmorillonite, and increased in proportion to the amount of polymer adsorbed. These data indicate that polystyrene improved the insulating properties of the clay films.
INTRODUCTION
The study of the electrical properties of clay minerals has dealt mainly with clay particles packed in a conductance cell (Oster and Low, 1963; Cloos and Mortland, 1965 ). However, self-supporting clay-mineral films are more useful than powders for the study of the structure-property relationships of clay minerals and their organic complexes. To obtain reasonable currents from insulators, samples should be thin and of high area, and the applied potential should be large (Seanor, 1965) . Hence, clay films are ideally suited for this measurement. In addition, it is useful to determine the electrical properties of clay films because they have potential industrial application as insulators. Kato et al. (1979) have already reported the electrical properties of various homoionic montmorillonite films and their polyacrylonitrile complexes. However, polymers with a high resistivity, such as polystyrene, should improve the insulating properties of clay films, and attempts have been made to prepare such montmorillonite-polystyrene complexes. Friedlander and Frink (1964) reported the intercalation of styrene on the basis of a slight expansion of the 001 spacing and the charring of heat-treated samples. Blumstein (1965) , however, questioned styrene intercalation because no increase in the basal spacing could be detected. Pezerat and Vallet (1973) prepared a complex of acid-montmorillonite with polystyrene by swelling the montmorillonite in polar solvents which were miscible with styrene and then polymerized the styrene on the surface of the acidCopyright O 1981, The Clay Minerals Society montmorillonite. Thus, it seems that the preparation of montmorillonite-polystyrene complexes is rather difficult and no standard methods of preparation have been established.
The fact that non-polar molecules such as benzene can be adsorbed by montmorillonite treated with quaternary ammonium cation was reported by McBride et al. (1977) and Komarov et al. (1976) . Based on these findings, the alms of this study were to prepare quaternary ammonium montmorillonite-polystyrene complexes, to investigate the variation of the amount of polystyrene adsorbed as a function of the amount of quaternary ammonium cation, and to determine the relative contributions of the polymer and the quaternary ammonium cation to the insulating properties of the films.
EXPERIMENTAL

Materials
Montmorillonite from the Aterazawa mine, Yamagata Prefecture, Japan, was used in this study. After repeated elutriation, no crystalline impurities were detected by X-ray powder diffraction. The cation-exchange capacity (CEC) of this starting material was 102.8 meq/100 g clay, as determined by the Schollenberger and Simon (1945) method. Reagent grade methylamine hydrochloride (HaCNH2HCI), tetramethylammonium chloride ((CHa)4NCI), dodecyltrimethylammonium chloride (C12H2sN(CH3)aCl), and stearyl-trimethylammonium chloride (C~sHs~N(CH~)3Ct) were used. Styrene monomer was purified by distillation under reduced pressure after the removal of t-butyl catechol with 10% NaOH followed by washing with water.
Preparation of organoammonium-montmorillonite and polystyrene complexes
Clay suspensions (10 g clay/500 ml water) were mixed with 2% quaternary ammonium solutions (50 or 100 meq/100 g clay) and stirred for 1 hr. The mixtures were allowed to stand for 1 day and then washed with water until free of Cl-. After drying in vacuo (100~ 5 hr), the organoammonium-montmorillonites were ground to pass 100 mesh. Five-gram samples of the dried organoammonium montmorillonites were immersed in styrene monomer, stirred for 1 hr, and allowed to stand over CaClz for as much as 25 days at room temperature in a light-screened desiccator. The samples were airdried, ground to pass 100 mesh, dried in vacuo for 1 day, and examined by X-ray powder diffraction (XRD), using Ni-filtered CuKa radiation, and infrared spectroscopy (IR) using KBr discs.
For the stearyltrimethylammonium-montmorillonite, after immersion for 10 days the air-dried samples were polymerized under a stream of nitrogen at 80~C for 5 hr using 0.5% benzoyl peroxide as the initiator. The polymerized complexes were washed with benzene in a Soxhlet extractor for 6 hr. The amount of organic materials absorbed by the montmorillonite was determined by thermal gravimetric analysis (TGA). The heating rate was 10~ to 800~ the sample weight was 100-200 nag.
Electrical measurements
Films of organoammonium montmorillonite and its polystyrene complexes were prepared by air-drying 2-3% suspensions in benzene on a mirror plate. After vacuum drying at 15 torr at 30~ for 1 hr, the resistance of the film was measured at room temperature, using an applied potential of 250 V. The measurements were made with a Yokogawa-Hewlett-Packard 4329 A high resistance meter; surface conductivity was eliminated by the use of an apparatus described previously (Kato et al. 1979) Table 1 ).
RESULTS AND DISCUSSION
Preparation of organoammonium-montmorillonitepolystyrene complexes Table 1 lists the organoammonium-montmorillonites which were immersed in styrene for different periods of time up to 25 days. The variation of their basal spacings is shown in Figure 1 . No increase of d(001) with time was observed in these ammonium montmorillonites except for sample 4. The basal spacing of sample 4 ((ClsH37N(CHa)a-montmorillonite; CEC = 100 meq/ 100 g clay) increased with increasing immersion time and became approximately constant after 10 days.
Pronounced IR absorption bands corresponding to spontaneously polymerized styrene were found only in products prepared from sample 4. The styrene bands were very weak in products prepared from samples 3 and 6 and completely absent in the rest. The IR spectra of ClsHatN(CHa)3-montmorillonite (sample 4) and the polymerized sample immersed in styrene for 10 days Infrared spectra of (a) C1aH37N(CHa)3-montmorillonite and (b) C~gH3rN(CHa)3-montmorillonite-polystyrene comare given in Figure 2 . The spectrum of the polymerized sample, which had been washed with benzene, showed the characteristic bands due to CH-stretching (-3025 cm-9, CC-skeletal in-plane vibration (1600 cm-L 1495 cm -~, 1455 cm-1), and CH out-of-plane deformation (755 cm-L 690 cm-9. Therefore, the C~sH37N(CH3)3-montmorillonite was selected for the preparation of quaternary ammonium-montmorillonite-polystyrene complexes. The high intercalation of styrene into the C18H37N(CHz)z-montmorillonite may be explained by the greater hydrophobic nature of long chain alkyl groups in the interlayer space and van der Waals forces between styrene and the hydrocarbon chain. The C18H37N(CH3)z-montmorillonite-polystyrene complexes were washed with benzene in a Soxhlet extractor for 5-20 hr to remove non-intercalated polystyrene. Disorder in the XRD patterns and a decrease in strength of the characteristic bands due to polystyrene in the IR spectra of the complexes were observed after washing times greater than 6 hr. Therefore, the poly- Table 2 . Volume resistivity of clay films. log p.
Sample
(l~cm) Montmorillonite 9.87 C,sH37N(CHz)3-montmorilionite (100 rneq/100 g clay) 12.7
ClsHarN(CH3)3-montmorillonite (100 meq/100 g clay)-polystyrene complex 15.5 merized samples used for electrical measurements were washed with benzene for only 6 hr.
Electrical properties of the ClsH3rN(CHa)3-montmorillonite-polystyrene complex
The volume resistivities of montmorillonite, C18Ha7N(CH3)3-montmorillonite (100 meq/100 g clay), and its polystyrene complex are given in Table 2 . The resistivity of the stearyltrimethylammonium-montmorillonite-polystyrene complex was higher than that of stearyltrimethylammonium-montmorillonite which was higher than that of montmorillonite. These data indicate that intercalation of organic compounds increases the resistivity of clay films. To clarify the effect of styrene, the variation of the resistivity with extent of complexing was measured. Figure 3 shows the variation in the basal spacings of the ClsH37N(CH3)3-montmoriUonite and the polystyrene complex as a function of the amount of quaternary ammonium ion present in the montmorillonite, determined by TGA. The basal spacing of the quaternary ammonium complex was not greatly affected by the amount of quaternary ammonium ion present, but a marked dependency of the basal spacing of stearyltrimethylammonium-montmorillonite-polystyrene complex on the quaternary ammonium ion content was observed. It increased initially with increasing ammonium content and then became approximately constant at values greater than 100 meq/100 g clay. Figure 4 shows the variation in volume resistivity of the quaternary ammonium-montmorillonite and its polystyrene complex as a function of quaternary ammonium content (curves a and b). It also shows the variation in polymer content as a function of quaternary ammonium content, determined by TGA (solid triangles). The amount of intercalated polystyrene increased initially with increasing stearyltrimethylammonium content, but became roughly constant, or decreased slightly at levels greater than 100 meq/100 g clay. Figure  4 also indicates that the volume resistivity of the ClsH37N (CH3)3-montmorillonite-polystyrene complex varied in proportion to the amount of polystyrene complexed, and that the effect was much greater than that of quaternary ammonium ion alone. This shows that the improvement in insulating properties can be mainly attributed to the amount of intercalated polystyrene. The intercalation of polystyrene may strongly hinder electrical conduction by water, in addition to the effect of the stearyltrimethylammonium groups. The latter make the intedamellar space hydrophobic, reduce the conductivity somewhat, and allow intercalation of the polystyrene.
